I. INTRODUCTION
Equilibrium ceria under standard temperature and pressure conditions has composition Ce02 with a fluorite lattice. The material can be depleted easily of oxygen by annealing at elevated temperatures at reduced oxygen pressure. Lower valent dopants such as yttrium, several rare-earth elements, magnesium, and calcium also introduce free oxygen vacancies in ceria. The oxygen vacancies, which have an effective electrical charge +2, are energetically favored over electronic holes to compensate the dopant ionic charge. The vacancies have high rnobility at elevated temperatures.D epending on composition, doping, and method of preparation, ceria and other group-IV oxides can have good electronic or, at elevated temperature, good oxygen ionic eonduetivity. They can also be made extremely tough; so they have great promise as structural and electronic ceramics. Because of their technological potential, the physical and electronic properties of the group-IV oxides have been extensively studied. »~T he Quorite phase of these oxides is of particular interest for electronic applications. The Buorite phase is stable at some temperature for most group-IV oxides and can usually be stabilized at room temperature by heavy alloying with group-II or -III elements. For undoped and lightly alloyed CeOq, the fluorite phase is stable at all temperatures below the melting point.
We discuss in this paper a series of iiiIn timedifferential perturbed-angular-correlation (PAC) measurernents on cerium oxide in which the concentration of oxygen lattice defects is controlled by doping and/or vacuum annealing at high temperatures. In all cases, the defect concentrations are dilute enough that the cerium oxide retains the fluorite structure. Indium is present only as an extremely dilute tracer, so its influence on bulk properties is negligible.
Some preliminary results of this investigation have been published previously. s We have also previously used In PAC spectroscopy to study trapping and hopping of oxygen vacancies near indium and its daughter isotope, cadmium, in a variety of zirconia-based ceramics. 4 s We have found indium-doped zirconia to be similar to zirconia doped with yttrium or trivalent rare-earth elements.
The work discussed in this paper shows that each indium probe atom in undoped and lightly doped ceria is strongly bound into a complex with axial symmetry. We identify the complex as a first-neighbor indium -oxygenvacancy pair. PAC spectra at elevated temperatures indicate that the vacancy remains tightly bound to the indiurn and its~Cd daughter but that the vacancy can jump between equivalent near-neighbor positions over an activation barrier of 0.60(2) 
IV. EXPERIMENTAL RESULTS
A. Undoped cerium oxide Figure 3 shows the experimental time function for undoped cerium oxide in air at a number of temperatures.
Below 300'C, the time function has a well-defined oscillation indicating that a large fraction of the Cd nuclei are in an environment, denoted site A, where they are perturbed by an EFG. The frequency triplet of this interaction is illustrated clearly in Fig. 1 
(b).
Below 150'C, a substantial fraction of PAC nuclei are subject to a strong damping that is characteristic of the nuclear decay "aftereffects. " We refer to this interaction as site X. The fraction of nuclei in site X is approximately 55% near and below room temperature but becomes negligible for T above 150'C.
Near and above 300'C the PAC time functions indicate that the Cd nucleus is subject to a time-dependent EFG. Above 300'C the EFG time average is zero, but the fluctuation rate is slow enough to cause damping of the anisotropy. The damping rate decreases with temperature, becoming negligible above 800'C where the time function AzG2(t) is unperturbed and has the full expected anisotropy.
We show later that these data are consistent with a model in which the EFG is constant in magnitude but reorients at a rate m that increases with temperature. B. Nb-and Ta-doped ceria Figure 9 shows the experimental PAC time function at several temperatures for a sample doped with 500 ppm Nb/(formula wt. ) in order to introduce an excess of positively charged dopants. Figure 9 is representative of spectra for samples containing at least 400 ppm Nb/(formula wt. ). Spectra of all samples doped with 300 ppm or less Nb are indistinguishable from those for undoped cerium oxide. No substantial difference is observed between samples made from the low-and high-purity starting cerium solutions. For Nb doping between 300 and 400 ppm, the PAC spectra were generally a superposition of the two diferent kinds of spectrum. Unfortunately, the accuracy and homogeneity of doping was not reproducible enough to allow the transition to be characterized clearly.
The time functions shown in Fig. 9 display a timedependent decay modulated by a small amplitude oscillation. Analysis of these data indicate that most iiiIn probe nuclei are in uncomplexed substitutional sites but that a small fraction are strongly bound into a complex unrelated to the bound vacancies discussed above.
We attribute the amplitude decay of G2(t) to the aftereffects interaction discussed in Sec. II. We show in the Appendix that these data permit determination of the escape rate r of the electronic disturbance responsible for the aftereffects. r is shown in Fig. 10 .
The small oscillations in the data of Fig. 9 Computer fits to the time function G2(t) give the frequencies shown in Fig. 4 It is puzzling that some but not all Cd nuclei in samples with nonzero oxygen-vacancy concentration are subject to aftereffects. It is possible that some complex other than the A, B, C, D, or uncomplexed site becomes stable below 150'C but that it is strongly affected by aftereffects, so its "bare" EFG interaction cannot be detected.
A second possibility is that probe atoms in the A and B complexes have only approximately 50fp probability of trapping a hole after the radioactive decay. Normally, the trapping probability is found to be 100%%uo, but we know of no physical reason to expect this always to be the case. A similar hypothesis of partial trapping has been proposed to explain low-temperature anomalies in isiHf PAC of zirconium oxide. 7 Recent calculations by Grimes and Catlow lead us to speculate that the first explanation is the correct one. They find that the trap energy of vacancies trapped by indium is approximately 0.4 eV in either a first-or secondneighbor position. For Cd, they find that vacancies are much more strongly trapped in the first-neighbor position. We speculate the following.
(i) There are roughly equal numbers of first-and second-neighbor vacancies trapped by indium, and there may be double-vacancy complexes other than B and C'.
(ii) After iiiIn decays to iii Cd, single second-neighbor vacancies will eventually move into the first-neighbor position. If that transition rate is of order 10s/s, then only the first-neighbor PAC spectrum will be found.
( fitted using the perturbation function G2(t) = fxG2(t) + ). f GP(t) (A3) During a PAC measurement, the spectrometer computer collects histograms D~p(t) of events for which the first p ray enters detector a and the second enters detector P at time t later. 512 channels of width 2 ns were accumulated for each n-P combination. The stop time pulse is delayed so the time = 0 channel, tp, is near the middle of the histogram. This is required with our spectrometer designs so that 8 a-P combinations (the 180' pairs 0-2, 2-0, 1-3, 3-1, and the 90' pairs 1-2, 2-1, 0-3, and 3-0) can be accumulated.
The spectrometer time resolution is smaller than the channel width.
The random count rate for each n-P pair is the average of the counts/channel at large positive and negative times. This random rate is subtracted to obtain the real count rate c p(t). Two statistically independent experimental time functions were formed, and 2tc»(t)'»(t) -'»(t) c»(t)] 'p2(t)'»(t) + c»(t)cps(t)] 
